Introduction
============

Even though aortic arch replacement has become more common with the increase of atherosclerosis and hypertension, it is still a complicated surgery. There has been a comprehensive evolution since its first description in 1956,^\[[@R1]\]^ such as the use of moderate hypothermic circulatory arrest (MHCA) and selective ante-grade cerebral perfusion (SACP) for cerebral protection,^\[[@R2],[@R3]\]^ and frozen elephant trunk (FET) deployment at the descending aorta for hemostasis of distal aortic anastomosis.^\[[@R4]--[@R6]\]^ However, early post-operative mortality after aortic arch replacement remains high.^\[[@R7]--[@R9]\]^

Cardiopulmonary bypass (CPB) remains unavoidable for the vast majority of patients undergoing cardiac surgery. Prolonged CPB has been hypothesized to increase the risk of acute renal failure and cerebral injury after cardiothoracic surgery,^\[[@R10],[@R11]\]^ and suggestive evidence supports an association between CPB time and early mortality after cardiothoracic surgery.^\[[@R12]--[@R16]\]^ In 2008, Salis *et al*^\[[@R12]\]^ examined the association between CPB time and post-operative mortality, and reported that the risk of post-operative mortality increased by 57% for every 30 min of CPB prolongation after multivariate adjustment in patients undergoing cardiac surgery. However, the study population only included patients undergoing cardiac surgery such as coronary artery bypass grafting (CABG) and valve replacement. Khaladj *et al*^\[[@R13]\]^ confirmed this relationship in a larger group of patients undergoing arch replacement during a 7-year period. A recent study found that CPB time was not an independent risk factor of post-operative mortality in 199 patients undergoing aortic arch surgery.^\[[@R15]\]^

Considering the obvious contradiction of previous studies and the significant heterogeneity of the research population, we conducted a retrospective cohort study to re-assess the association of CPB time with 90-day post-operative mortality in patients undergoing arch replacement using a multivariate-adjusted regression model containing all known associated major peri-operative variables. At the same time, interaction and stratified analysis were investigated based on the complexity of the underlying disease process. Our hypothesis was that the risk of 90-day post-operative mortality would increase as CPB time increased.

Methods
=======

Ethical approval
----------------

The study was conducted in accordance with the *Declaration of Helsinki* and was approved by the Human Subjects Review Committee of Beijing Anzhen Hospital (Approval No. 2017058X). Individual informed written consent was waived owing to the retrospective study.

Study design and study population
---------------------------------

From July 1, 2017 to December 31, 2018, consecutive patients undergoing aortic arch surgery with the FET technique were retrospectively identified at the Aortic Center in Beijing Anzhen Hospital. Patients who underwent total arch replacement using the FET technique with MHCA and SACP were collected in this observational cohort study. Patients who (1) underwent hemi-arch replacement (*n* = 31) or (2) with bilateral ante-grade cerebral perfusion (*n* = 43) or (3) with redo-sternotomy (*n* = 19) or (4) without the FET technique (*n* = 40) were excluded \[Figure [1](#F1){ref-type="fig"}\].

![Flow chart of this study. FET: Frozen elephant trunk; MHCA: Moderate hypothermic circulatory arrest; SACP: Selective ante-grade cerebral perfusion.](cm9-132-2325-g001){#F1}

Study endpoint
--------------

The endpoint of this observational study was defined as early mortality during the hospital stay or within 90 days after surgery. The causes of death, including multiple organ failure, permanent neurologic dysfunction (stroke/coma), circulatory failure, and infectious toxic shock, were based on the corresponding documentation of the clinical condition in medical records.

Definition and procedure
------------------------

The pathological type of aortic diseases included aortic dissection and aortic aneurysm, intra-mural hematoma and atherosclerotic ulcer. The type of dissection was defined according to the Stanford classification.^\[[@R17]\]^ An emergent operation was defined as surgery performed within 24 h after admission. Acute dissection was traditionally diagnosed when the clinical symptoms had lasted 14 days or less.^\[[@R18]\]^ Hypertension was defined as taking anti-hypertension drugs, or having a systolic or diastolic blood pressure \>140 or 90 mmHg, respectively, at the time of admission. Diabetes mellitus was defined as treatment with oral hypoglycemic drugs or insulin, or having a fasting blood glucose level ≥7.0 mmol/L (1260 mg/L). Estimated glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation.^\[[@R19]\]^ Renal insufficiency was defined as eGFR \<60 mL·min^−1^·1.73 m^−2^. A history of cardiac artery diseases was considered if patients had a clinical history of myocardial infarction or underwent percutaneous coronary intervention or CABG before the current hospitalization. Cerebrovascular disease was defined as having relevant neurologic dysfunction before surgery or a previous stroke. Pericardial tamponade was diagnosed using echocardiography.

Details of total arch replacement and FET implantation have been described elsewhere by our team.^\[[@R20],[@R21]\]^ Briefly, right axillary artery is the most commonly used artery in arterial cannulation. After the ascending aorta is cross-clamped, the heart is perfused with the cardioplegia solution. Any root procedure including root repair, Bentall procedure or others is done during cooling. Under MHCA (around 25°C) and SACP through the right axillary artery, the arch is opened. The FET (Cronus Microport, Shanghai, China) is deployed into the descending aorta. Its proximal end is connected with a four-branched vascular graft. Distal perfusion is resumed. Left common carotid artery, left sub-clavian artery, and innominate artery are reconstructed with branches of the four-branched graft one by one.

Data collected for the analysis
-------------------------------

Clinical, operative, perfusion, and post-operative data were retrospectively collected from the department database, while further data were extracted from operation reports, perfusion reports, intra-operative computerized records, and medical record reviews. The database was filtered to identify all patients undergoing aortic arch surgery with the FET technique in July 2017. Data were compiled using the Empower Dataweb Data Collection Management System (X&Y Solutions, Inc., Boston, MA, USA). Follow-up data were obtained from medical records and telephone calls.

Statistical analysis
--------------------

Categorical variables were presented as frequencies and percentages, whereas continuous variables were expressed as mean ± standard deviation for normal distribution data or median (Q1, Q3) for abnormal distribution data. Between-group differences in baseline characteristics, operative, perfusion, and post-operative data were analyzed using the Student\'s *t* test or Mann-Whitney *U* test for continuous variables and Chi-square test for categorical variables. Cox regression analyses were applied to identify the predictors of 90-day post-operative mortality. Multivariate Cox regression models were used to examine whether CPB had an independent effect on 90-day post-operative mortality. We also adjusted variables in the multivariate Cox regression models that, when added to this model, changed the matched hazard ratio (HR) by at least 10%, with the inclusion of additional covariates of known clinical importance. And CPB time was scaled by a factor of 5, 10, 15, and 20 to increase, respectively. A factor of ten to increase was chosen for better clinical interpretation \[Supplementary Table 1\]. Trend tests were computed by modeling the CPB time tertiles as continuous variables. Subsequently, survival estimates and cumulative event rates were compared using the Kaplan-Meier methods using the time-to-first event for each endpoint among the CPB time tertiles. The log-rank test was used to compare the Kaplan-Meier HRs for early post-operative mortality, and their corresponding 95% confidence intervals (CIs). Finally, interaction and stratified analysis based on the complexity of the underlying disease process was performed by Cox model. All analyses were performed using Empower (R) ([http://www.empowerstats.com](http://www.empowerstats.com/); X&Y solutions, Inc) and R ([http://www.R-project.org](http://www.r-project.org/)).

Results
=======

Demographic characteristics
---------------------------

The final analysis included 377 patients undergoing total arch replacement using the FET technique with MHCA plus SACP \[Figure [1](#F1){ref-type="fig"}\]. Among these 377 patients, mean age was 47.9 ± 10.7 years at admission, 296 (78.51%) were men, 187 (49.60%) had smoking history; on echocardiography, the mean left-ventricular ejection fraction (LVEF) was 62.58 ± 5.50%, and 55 patients (14.59%) presented severe aortic regurgitation; moreover, 300 patients (79.58%) had previous hypertension, 17 (4.51%) were previously diagnosed with diabetes mellitus, 56 (14.85%) had chronic kidney diseases, 26 (6.90%) had coronary artery disease, and 19 (5.04%) had cerebrovascular disease. At admission, lower-extremity ischemia was observed in 23 (6.10%) of all patients, 12 (3.18%) patients presented acute cardiac tamponade, 6 (1.59%) patients had acute visceral ischemia, and 1 (0.27%) patient presented spinal cord injury. The aortic diseases affecting the patients were: Stanford type A aortic dissection (84.35%), type B aortic dissection (5.84%), aortic aneurysm (7.43%), and others (2.39%). Of these, 264 (70.03%) were emergency operations \[Table [1](#T1){ref-type="table"}\].

###### 

Baseline characteristics of all patients according to CPB time tertiles.

![](cm9-132-2325-g002)

According to CPB time, patients were divided into three tertile groups: bottom tertile (111.0--181.9 min), middle tertile (182.0--214.9 min), and top tertile groups (215.0--547.0 min). No significant difference was found in patients' age, sex, smoking history, comorbidities, LVEF, left ventricular ejection fraction, left ventricular ejection fraction, severe aortic regurgitation or severe aortic stenosis between CPB time top tertile and bottom tertile. In addition, patients in top tertile had a higher body mass index (BMI) than those in bottom CPB tertile (*P* \< 0.001). In top tertile group, Stanford type A aortic dissection accounted for a higher proportion (92.59%); at the same time, 80.00% of these patients underwent emergency surgery, and Bentall\'s operation was conducted in 52.59% of these patients, more frequently than the other two groups (*F* = 23.497, *P* \< 0.001). In top tertile group, 14.07% of the patients underwent CABG and valve surgery simultaneously. Cross-clamp time (*F* = 18.428, *P* \< 0.001) and SACP time (*F* = 150.933, *P* \< 0.001) in top tertile group were longer than those in bottom tertile group.

CPB time and 90-day post-operative mortality
--------------------------------------------

During the hospital stay or within 90 days after surgery, 51 (13.53%) patients developed early mortality events: 30 (7.96%) patients died of multiple organ failure, 15 (3.98%) patients died of permanent neurologic dysfunction, 2 (0.53%) patients died of circulatory failure, three patients (0.80%) died of infectious toxic shock, and one (0.27%) patient died of aortic rupture \[Table [2](#T2){ref-type="table"}\].

###### 

Adverse outcome in all patients undergoing arch replacement using FET with MHCA and SACP.

![](cm9-132-2325-g003)

The results of the univariate analyses of 90-day post-operative mortality are summarized in Table [3](#T3){ref-type="table"}. Univariate analyses showed that the history of coronary artery disease and cerebrovascular disease, smoking history, emergency surgery, CPB time, cross-clamp time, and concomitant procedures (CABG and valve surgery) were associated with significant increases in the 90-day post-operative mortality. In the multivariable analysis, CPB time was the independent risk factor for 90-day post-operative mortality in Model I (HR~adjust\ I~: 1.16/10 min increase, 95% CI: 1.12--1.20, *P* \< 0.001) after adjustment for patients' age, sex, and BMI, and in Model II (HR~adjust\ II~: 1.21/10 min increase, 95% CI: 1.15--1.27, *P* \< 0.001) after adjustment for patients' age, sex, BMI, smoking history, coronary artery disease and cerebrovascular disease, aortic dissection A, emergency setting, concomitant procedures, clinical status, aortic root procedure, and the lowest bladder temperature \[Table [4](#T4){ref-type="table"}\]. Kaplan-Meier survival analysis showed a significant difference among patients stratified by CPB tertile \[Figure [2](#F2){ref-type="fig"}\]. CPB time in the top tertile (median 236.0 min) was associated with the reduced survival rate compared with the middle and bottom tertiles (Log-rank, *P* \< 0.001).

###### 

Univariate Cox regression analysis of 90-day post-operative mortality in all patients undergoing arch replacement using FET with MHCA plus SACP.

![](cm9-132-2325-g004)

###### 

Multivariable Cox regression analyses of 90-day post-operative mortality in all patients undergoing arch replacement using FET with MHCA plus SACP.
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![Kaplan-Meier analysis of freedom from 90-day post-operative mortality based on the CPB time tertiles (Log-rank, *P* \< 0.001). CPB: Cardiopulmonary bypass time.](cm9-132-2325-g006){#F2}

Sub-group analysis between CPB time and the 90-day post-operative mortality
---------------------------------------------------------------------------

Interaction and a sub-analysis were conducted stratifying patients by age tertiles, sex, BMI tertiles, smoking history, and the complexity of the underlying disease process \[Table [5](#T5){ref-type="table"}\]. Interestingly, all sub-groups demonstrated a similar overall relationship between CPB time and 90-day post-operative mortality in patients undergoing total arch replacement using the FET technique with MHCA and SACP.

###### 

Effects of CPB time on 90-day post-operative mortality in each sub-group by Cox model.

![](cm9-132-2325-g007)

Discussion
==========

The present retrospective cohort study demonstrated the association of CPB time with 90-day post-operative mortality in a consecutive series of 377 patients who underwent aortic arch surgery using FET with MHCA plus SACP, the refined surgical techniques have become the routine application in our institution in less than 2 years. With every 10-min increase in CPB time, the risk of 90-day post-operative mortality increased by 16% (HR: 1.16, 95% CI: 1.12--1.20, *P* \< 0.001). Moreover, the association between CPB time and 90-day post-operative mortality in patients undergoing the above-mentioned surgical approach remained the same after adjusting the confounding factors.

Our results were consistent with the study of Salis *et al*,^\[[@R12]\]^ which found a 57% increased risk of post-operative mortality for 30-min increments of increased CPB time despite the heterogeneous populations who underwent different cardiac surgeries, such as CABG and vascular operation. Khaladj *et al*^\[[@R13]\]^ also found that CPB duration was a risk factor for 30-day post-operative mortality in patients undergoing arch replacement. However, aortic aneurysms accounted for more than half of the study population (51.1%) in this previous study, while type A aortic dissection accounted for the vast majority in our current study (84.35%). A recent study did not find that CPB time was an independent risk factor for operative mortality in patients with total aortic arch repair.^\[[@R15]\]^ Nevertheless, the sample size, in this recent study, of 199 patients was relatively small. Moreover, this recent study did not collect pre-operative status variables, such as comorbidities, that might affect the early post-operative mortality.^\[[@R15]\]^ Our current study not only adjusted the pre-operative status in multiple regression models, but also performed interaction and stratified analysis based on associated major peri-operative predictors.

Our results indicated that CPB time in the top tertile of patients (median 236.0 min) who underwent arch replacement using FET with MHCA plus SACP was associated with poor outcomes. Side effects of CPB commonly have been attributed to the complex-associated inflammatory response. It activated the coagulation and fibrinolytic system,^\[[@R22]\]^ the complement system,^\[[@R23]\]^ and leukocytes as well as the release of cytotoxic enzymes and inflammatory mediators,^\[[@R24]\]^ such as tumor necrosis factor-α, interleukin (IL)-1β, IL-6, and IL-8. The inflammatory mediators cause the activation of various inflammatory cascades that are thought to be responsible for parenchymal organ dysfunction, increasing the risk of post-operative multi-organ failure and infectious complications. A recent study found that prolonged CPB time could be a risk factor for infection after a cardiovascular operation.^\[[@R25]\]^ In the present study, the 90-day post-operative mortality was 13.53%. However, of the 51 patients who died within 90 days after surgery, 30 died of multiple organ failure, accounting for 58.82% of all causes of death. The negative effect of CPB seemed to worsen with the increasing duration of CPB, accounting for the high rate of multiple organ failure (as high as 30%) in patients with the top CPB time tertiles.

In addition, a longer CPB time might reflect the complexity of the pre-operative patient condition and the heterogeneous pathological type of aortic disease. There were 306 patients (81.17%) with acute aortic disease and type A aortic dissection accounted for 84.35% in this cohort. Also, 264 (70.03%) cases were operated upon as an emergency. In clinic, the patients who require emergency surgery generally have a more acute symptom onset, are at high-risk of aortic rupture or have dissection-related complications. Previous studies have shown the association between emergency surgery and high mortality in aortic operations.^\[[@R26]\]^ Therefore, we adjusted these potential confounding factors in multiple Cox regression models. At the same time, we performed sub-group analysis according to the pre-operative clinical status and intra-operative conditions. However, the relationship between CPB time and 90-day mortality remained unchanged.

There were several limitations to our study. First, this study was retrospective design from a single-center and lacked representativeness. Future clinical studies using multi-center data to validate or disagree with our findings are appropriate. Second, although type A aortic dissection accounted for the majority of the pathological type of aortic diseases in this study, the pathological type was also heterogeneous, and surgical treatment of aortic root was diverse. However, we performed sub-group analyses to explore the effects of each sub-group on 90-day post-operative mortality. Third, there was an inescapable possibility that longer CPB time was associated with the conduct of less experienced surgeons, which was difficult to quantify. However, this retrospective study was conducted in a single-center. Our center is the largest referral center for aortic disease in China, and all surgeons received standard training. Furthermore, the study represented real-world practice and provided the surgeons with guidance on real-time decision making in the operating room.

In conclusion, despite the improvements in organ protection in the past decades, such as MHCA and SACP for cerebral protection, CPB time remains a significant independent risk factor for 90-day post-operative mortality in our patient population. Surgeons should be aware of the relationship during operative procedures in patients with arch replacement and attempt to avoid longer CPB times as far as possible.
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